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Obesity is a chronic, costly, and globally prevalent condition, with
excess caloric intake a suspected etiologic factor. Nonsurgical
treatments are modestly efficacious, and weight loss maintenance
is hampered by anti-famine homeostatic mechanisms. Ghrelin, a
gastric hormone linked to meal initiation, energy expenditure, and
fuel partitioning, is hypothesized to facilitate weight gain and
impede weight loss. Unique among known animal peptides, the
serine-3 residue of ghrelin is posttranslationally acylated with an
n-octanoic acid, a modification important for the peptide’s active
blood-brain transport and growth hormone secretagogue recep-
tor-1 agonist activity. Pharmacological degradation of ghrelin
would be hypothesized to reduce ghrelin’s biological effects. To
study endogenous ghrelin’s role in appetite and energy expendi-
ture, we generated antibodies that hydrolyze the octanoyl moiety
of ghrelin to form des-acyl ghrelin. The most proficient antibody
catalyst, GHR-11E11, was found to display a second-order rate
constant of 18 M~1-s~" for the hydrolysis of ghrelin to des-acyl
ghrelin. l.v. administration of GHR-11E11 (50 mg/kg) maintained a
greater metabolic rate in fasting C57BL/6J mice as compared with
mice receiving a control antibody and suppressed 6-h refeeding
after 24 h of food deprivation. Indirect respiratory measures of
metabolism after refeeding and relative fuel substrate utilization
were unaffected. The results support the hypothesis that acylated
ghrelin stimulates appetite and curbs energy expenditure during
deficient energy intake, whereas des-acyl ghrelin does not po-
tently share these functions. Catalytic anti-ghrelin antibodies
might thereby adjunctively aid consolidation of caloric restriction-
induced weight loss and might also be therapeutically relevant to
Prader-Willi syndrome, characterized after infancy by hyperghre-
linemia, hyperphagia, and obesity.
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pproximately 1 billion people worldwide are overweight or

obese (body mass index = 25-29.9 or >30 kg/m?, respectively)
(1), conditions associated with significant morbidity and mortality
and for which new treatments are needed (2). Among recently
characterized molecules implicated in energy homeostasis, ghrelin
was identified in 1999 during a search for the endogenous ligand for
the GH secretagogue receptor (GHSR) (ghrelin receptor), previ-
ously localized to peripheral tissues and to several CNS sites,
including the arcuate nucleus and ventromedial hypothalamic nu-
cleus (3). Human ghrelin is a 28-amino acid acylated peptide
(GSS(n-octanoyl) FLSPEHQRVQQRKESKKPPAKLQPR) re-
leased mainly from endocrine cells of the stomach and upper
gastrointestinal tract but also expressed in testes, kidney, pituitary,
pancreas, lymphocytes, and brain (3-7). Several findings establish
gastric ghrelin as an indicator of energy insufficiency and anabolic
modulator of energy homeostasis (3). Ghrelin secretion is thought
to stimulate food intake, slow metabolic rate, and spare lipid
oxidation via central (8) and, possibly, afferent vagus nerve-
mediated modes of action (9). Human studies have found a
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preprandial rise and postprandial decline in plasma ghrelin levels,
consistent with a role for ghrelin in hunger and meal initiation (7,
10). Indeed, circulating ghrelin levels are increased by food depri-
vation and decreased by meals, glucose load, insulin, and soma-
tostatin (11-13). Pharmacological increases in ghrelin trigger food
intake in rats or humans (6, 14-18) and decrease energy expendi-
ture and the relative utilization of fat as an energy substrate, leading
to weight gain and adiposity with chronic central administration (6,
13, 19, 20).

Although some early loss-of-function studies cast doubt on the
physiological importance of ghrelin (21), recent studies suggest
mice deficient for ghrelin or its receptor store less of their consumed
food and are resistant to diet-induced obesity (22, 23). Ghrelin
knockout mice expend more energy and locomote more (22), and
GHSR1a receptor deficient mice show increased whole-body fat
oxidation (23). Also, small-molecule GHSR1a antagonists reduce
food intake, promote loss of weight selectively in the form of body
fat, and acutely improve glucose tolerance by augmenting glucose-
induced insulin secretion (24-30). Subchronic neutralization of the
ghrelin molecule with the biostable aptamer -NOX-B11-2, an
I-RNA-spiegelmer based therapeutic, similarly reduced spontane-
ous food intake and feed efficiency, promoted weight loss, and
reduced fat mass (31). Finally, active immunization with N-
terminal-inclusive ghrelin haptens slowed weight gain and fat
accrual in adult rats in direct relation to the elicited anti-ghrelin
antibody response (32).

Ghrelin levels increase during voluntary energy restriction (i.e.,
dieting); these increases predict weight regain and are thought to
impede sustained weight loss (7, 33-38), so new approaches to
oppose ghrelin action may be therapeutically important. From a
chemical standpoint, ghrelin is the first peptide isolated from
natural sources in which the hydroxyl group of a Ser residue (Ser-3)
is acylated by n-octanoic acid (3, 39). Octanoylation had not been
observed in posttranslational peptide modification, but it is essen-
tial for the GH-releasing and potent GHSR1 agonist activity of
ghrelin (3, 39, 40). Hence, degradation of the serine octanoate ester
moiety of ghrelin provides an enticing target for obesity research.

Intracerebroventricular administration of polyclonal antibodies
that bind ghrelin can suppress food intake (3, 8, 39). Of greater
impact would be a catalytic antibody that could both sequester
and/or degrade the ester moiety of ghrelin, and thus essentially
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deactivate ghrelin. Herein, we describe the foundation for an
anti-ghrelin immunopharmacotherapy based on catalytic antibod-
ies that hydrolyze the Ser-3 octanoate ester moiety of ghrelin.

Results and Discussion

Monoclonal antibodies were obtained through immunization of
mice with ghrelin phosphonate transition state analog 1, conjugated
to the immunogenic carrier protein keyhole limpet hemocyanin
(KLH), through a covalent link between the thiol moiety of 1 and
an N-maleimidomethyl cyclohexane-1-carboxylate cross-linker, re-
sulting in hapten 2 (Fig. 1). The design of this hapten is based on
methodology that is well-established in the field of catalytic anti-
bodies (41, 42), in which phosphonate monoester 2 resembles the
transition state of the hydrolysis reaction of the serine ester of
ghrelin to its inactive des-octanoyl form. As a core antigen structure,
we selected the first 5 N-terminal amino acids, partly based on
studies that have evaluated truncated analogs of ghrelin, in which
Ser3(octanoyl)-ghrelin (1-5) was shown to be the shortest structural
analog to display activity similar to the native hormone (39).
Another consideration was that the antibody combining site can
host up to 8 amino acid residues; as such, the octanoate ester as
found in natural ghrelin was truncated to a smaller 4-carbon chain
appendage. We have used this approach successfully in the past for
antibodies generated against lipid A (43), because it aids in the
minimization of lipid formation and increases antibody recognition
of the entire haptenic structure. In addition, we extended the
hapten with 2 isonipecotic acid (Isn) moieties as a rigid linker to
generate a more focused immune response, and a cysteine residue
was included to enable a high-yield conjugation to KLH (see
above). Hapten 2 was synthesized on solid phase [supporting
information (SI) Fig. S1, experimental details are provided in
Materials and Methods and SI Materials and Methods] and was
coupled to KLH through thioether conjugation chemistry; immu-
nization of BALB/c mice with the immunoconjugate resulted in a
panel of 19 monoclonal catalytic antibodies (mAbs) for analysis. All

17488 | www.pnas.org/cgi/doi/10.1073/pnas.0711808105

O\I/\/\/\/

(o]

AA; = Ala Ala*Rat Ghrelin-(1-28)-Mca Screening Construct 8
AA; = Gly Gly>Rat Ghrelin-(1-28)-Mca Screening Construct 9
AA, = Met, AA; = Gly Met",Gly?-Rat Ghrelin-(1-28)-Mca Screening Construct 10

o

HN
r\) 7
o

H
No~oro A B 070 K
O N CONH:
H 2
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mAbs were purified from ascites, using ion-exchange and protein G
affinity chromatography.

Our initial screen for catalysis for the hydrolysis of rat ghrelin to
its des-octanoyl form by the panel of mAbs, with use of synthetic
native rat ghrelin (experimental details are provided in SI Materials
and Methods) indicated that several antibodies could accelerate the
hydrolysis of native rat ghrelin. From this initial screen 3 mAbs
demonstrated turn-over and were evaluated in greater detail. To
perform expedient, safe and reliable kinetic analysis of the selected
antibodies a new substrate 3 and des-octanoyl product 4 were
designed (Fig. 1), based on the following criteria: (i) ghrelin’s
extinction coefficient is quite poor and impedes HPLC analysis at
low concentration and (i) the only alternative currently available
that grants sensitive detection is '?°I-labeled ghrelin. Thus, 3 and 4
were prepared so as not to compromise the “wild-type” structure
of ghrelin to increase sensitivity.

Using compounds 3 and 4 in this HPLC assay allowed us to
identify the most proficient of the initially selected antibodies, of
which mAb GHR-11E11 was assessed in detail (see Fig. 2 and Fig.
S2). Well-behaved Michaelis-Menten kinetics were observed with
this antibody (Ky = 2.4 pM, kear = 2.59 X 1073 min ™!, kear/kuncat =
120), which was competitively inhibited by transition state analog 1
(Ki = 0.14 uM—this value was calculated from the observed ICsq
value, using a fixed substrate concentration and varying inhibitor
concentration) (44). The thermodynamic K; was determined from
K; .pp via the relationship for competitive kinetics: K; = Kj app/(1 +
[S1/Kwm), where [S] = 400 uM and Ky = 2.4 uM. We fully realize
that the rate acceleration observed was not overly impressive;
however, we note that this is the first example to our knowledge of
antibody-catalyzed hydrolysis of an aliphatic long-chain alkyl ester.
Interestingly, although turnover numbers were modest it appears
more sophisticated chemistry in the antibody-combining site likely
comes into play because the Km/K; =~ Kca/kuncar relationship, ac-
cording to a standard thermodynamic cycle based on TS theory
(45), would predict a rate enhancement for mAb GHR-11E11 of
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Fig. 2.  Kinetic evaluation of catalyzed ghrelin hy-
drolysis. (Left) Catalysis of ghrelin hydrolysis by addi-
tion of 1 uM GHR-11E11 to varying concentrations of
substrate 3 (0.4-50 M) at 37 °C. (Right) Dose-
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only ~15, 8-fold less than that actually observed (see Fig. 2 and
Fig. S2).

The specificity of the mAb GHR-11E11 was examined using 6
synthetic ghrelin screening substrates 5-10, which included
Ser®(butyryl)-, Ser3(acetyl)-, and Ser3(palmitoyl)-ghrelin-Mca pep-
tides, and 3 Ser3(octanoyl)-ghrelin-derived peptides with Phe* —
Ala*, Ser? — Gly?, and Gly!-Ser> — Met!-Gly? mutations in the
N-terminal amino acid sequence (Fig. 1). The ghrelin peptides with
variable length of the fatty acid ester chains were designed to
determine the diapason of mAb GHR-11E11 catalytic ability
toward hydrolysis of ghrelin ester peptides, whereas the ghrelin
peptide analogs were used to establish the specificity of the catalytic
mAb for native ghrelin in the presence of other endogenous
O-acylated proteins and peptides. In summary, mAb GHR-11E11
was found to accelerate hydrolysis of the Ser’(butyryl)-ghrelin
construct 5, and Michaelis—-Menten kinetics were observed (Ky =
849 uM, kear = 4.57 X 1073 min~!, kca/Km = 9 M~ 1s71). This
result is in line with the GHR-11E11-catalyzed hydrolysis kinetics
of the Ser3(octanoyl)-ghrelin substrate 3, because this antibody was
secured with a butylphosphonate ester hapten. At the same time,
GHR-11E11 did not substantially alter the hydrolysis rates of the
Ser3(acetyl)- and Ser®(palmitoyl)-ghrelin peptide analogs 6 and 7.
Catalytic antibody GHR-11E11 catalyzes the hydrolysis of ghrelin
peptide ester analogs with a narrow range of the O-acyl group
length, which includes both Ser’(butiryl)- and Ser3(octanoyl)-
ghrelins, but the catalytic activity of the antibody drops rather
abruptly with a shorter O-acyl group, and diminishes more grad-
ually with increasing length of the O-acyl group. Furthermore,
GHR-11EL11 showed little ability to significantly catalyze hydrolysis
of the ghrelin peptide analogs 8-10, which suggests that this
antibody is highly specific for the amino acid sequence of native
ghrelin, and is unlikely to affect other endogenous O-acylated
proteins and peptides.

The observed catalytic efficiency of antibody GHR-11E11
(kea/Km = 18 M~1s™1) is modest; however, because of ghrelin’s
short half-life in mammals and because circulating plasma ghrelin
concentrations have been estimated to be subnanomolar, a high
catalytic proficiency may not be necessary to be of potential in vivo
functional relevance. To determine the catalytic activity of GHR-
11E11 in vivo, adult male C57BL/6]J mice were administered
GHR-11E11 (n = 4) or a control Ab (an anti-nicotine Ab; NIC-1
9D9, n = 5) intravenously by tail vein. Blood was collected from the
submandibular vein into chilled polypropylene tubes containing
EDTA, PMSF, and HCl to reduce degradation/desoctanoylation of
ghrelin (46). As expected, baseline plasma levels of acylated
(119.6 = 24.6 vs. 93.3 £ 15.6 pg/mL) and des-acyl ghrelin (743.1
86.8 vs. 680.7 = 81.0 pg/mL), measured by specific ELISAs (Bio-
Vendor), did not differ between groups. However, 15 min after
treatment, acylated ghrelin levels decreased by 90 = 18% in mice
treated with GHR-11E11 (P < 0.05 0%), a reduction not seen in
control mice (23.3 * 25.1 vs. 135.1 *+ 35.0 pg/mL, respectively, P <
0.05) or in levels of des-acyl ghrelin (768.4 = 79.0 vs. 635.3 + 130.3
pg/mL). As a result, the ratio of acylated/des-acyl ghrelin was
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response plot of inhibiton of ghrelin hydrolysis by 1
uM GHR-11E11 with varying inhibitor 1 concentra-
tions; 1Csp: 21.3uM.
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significantly lower in mice, which received the catalytic anti-ghrelin
antibody (0.025 = 0.039 vs. 0.186 = 0.052, P < 0.05). Acylated, but
not des-acyl, ghrelin levels also tended to be lower 24-h after
administration in GHR-11E11-treated mice than in controls
(103.5 = 9.6 vs. 133.3 = 12.1 pg/mL, respectively, P = 0.07).
Interestingly, in vitro studies demonstrated that the catalytic activity
of GHR-11E11 was entirely abrogated in the presence of 5 uM
serine esterase inhibitor PMSF, in agreement with similar literature
precedents (47, 48), also indicating that the antibody-induced
reduction in acylated ghrelin levels occurred in vivo, rather than
after blood collection.

We sought to determine whether i.v. administration of GHR-
11E11 altered metabolic rate or refeeding in fasting mice, in which
ghrelin activity is increased. Adult male C57BL/6J mice were
surgically implanted with iv. jugular catheters and allowed to
recover. Then, mice were acclimated to individual open-circuit
indirect calorimetry chambers equipped with computer-monitored
food and water access and with photobeams to detect locomotor
activity (Comprehensive Lab Animal Monitoring System, Colum-
bus, OH) for at least 72 h. Matched for body weight (25.2 = 0.5 vs.
25.2 = 0.6 g), mice were intravenously administered (50 mg/kg)
either the catalytic ghrelin Ab (GHR-11E11, n = 8) or the
anti-nicotine control Ab (n = 9) within the first hour of the light
cycle. Mice were then subjected to a 24-h fast, during which changes
in metabolic rate and locomotor activity were monitored for 12 h.
Fig. 3 shows that fasted ghrelin Ab-treated mice expended more
energy (“heat”) across the entire light cycle than did fasted mice
treated with the control Ab (F[1,14] = 20.90, P < 0.001). Increased
energy expenditure was reflected in increased oxygen consumption
(VOy; F[1,14] = 22.57, P < 0.001) and carbon dioxide production
(VCOy; F[1,14] = 11.98, P < 0.005). Groups did not differ in their
relative energy substrate utilization, with values of the respiratory
exchange ratio (RER =~ 0.75) indicating greater utilization of lipid
than carbohydrate in both groups, as expected from a period of
fasting during the light cycle. Ghrelin Ab-treated mice showed more
motor activity than controls during the first 2 h after treatment, but
not thereafter (Hour X Treatment: F(5, 70) = 5.94, P < 0.03), the
latter finding suggesting that differences in energy expenditure were
at least partly independent from increased motor activity.

When provided access to chow beginning from the second hour
of the next light cycle, mice treated ~24 h earlier with GHR-11E11,
the catalytic ghrelin Ab, showed blunted 6-h cumulative food intake
(Fig. 4) as compared with mice previously treated with the control
nicotine Ab (Treatment X Hour: F[5,60] = 6.30, P < 0.001).

In the hour before they were refed (“Unfed” in Fig. 4, corre-
sponding to the first hour of the light cycle), mice treated with
GHR-11E11 showed greater energy expenditure, VO, and VCO,
than control-Ab treated mice. With refeeding, however, this dif-
ference was eliminated; the metabolic rate of refed, control Ab-
treated mice rapidly rose to that of ghrelin Ab-treated mice. Refed
groups also did not differ in their relative energy substrate utiliza-
tion, with values of the respiratory exchange ratio rising to levels
(RER~0.9-0.96) indicating greater carbohydrate than lipid utili-
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Fig. 3. Shown are the rate of energy expenditure (heat, Top Left),

respiratory exchange ratio (RER) (Top Right), the rates of oxygen consump-
tion (VO,) (Middle Left) and carbon dioxide production (VCO;) (Middle
Right), and rates of horizontal and vertical motor activity (Bottom) in
food-deprived, antibody-treated, adult male C57BL/6J mice tested in open-
circuit indirect calorimetry chambers. Data are expressed in 2 h binsas M +
SEM across the 12-h light cycle. Mice received i.v. administration (i.v. 50
mg/kg) of a catalytic antibody against ghrelin (n = 8, GHR-11E11) or of an
isotype-matched nicotine control Ab (n = 9, NIC-1 9D9) before data col-
lection; *, P < 0.05 vs. control Ab-treated mice.

zation in both treatment groups, as expected from a period of
refeeding (Fig. 5). Neither vertical nor horizontal motor activity of
treated groups differed from one another (data not shown).

The immune system can be used to generate biocatalysts via
its ability to produce antibodies to an infinite range of molecular
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Fig.4. Food intake in 24-h food-deprived adult male C57BL/6J mice that had
received i.v. administration (i.v. 50 mg/kg) of a catalytic antibody against
ghrelin (n = 8, GHR-11E11) or of an isotype-matched nicotine control Ab (n =
9, NIC-19D9) 24 h earlier. Data express M = SEM cumulative food intake across
6 h of refeeding beginning from the light cycle onset. *, P < 0.05 vs. control
Ab-treated mice.
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Fig.5. Panelsshow the rate of energy expenditure (heat) (Top Left), respiratory
exchange ratio (RER) (Top Right), rates of oxygen consumption (VO,) (Bottom
Left), and carbon dioxide production (VCO,) (Bottom Right) in adult male
C57BL/6J mice residing in open-circuit indirect calorimetry chambers. Data were
collected in a 24-h food-deprived state (“Unfed”) and during 6 h of refeeding on
chow. Data are expressed in 1 h bins as M = SEM. Mice had received i.v. admin-
istration (i.v. 50 mg/kg) of a catalytic antibody against ghrelin (n = 8, GHR-11E11)
or of an isotype-matched nicotine control Ab (n = 9, NIC-1 9D9) 24 h before data
collection; *, P < 0.05 vs. control Ab-treated mice.

structures, including those resembling transition states of chem-
ical reactions. Simple binding antibodies typically only recognize
antigen ground states with high affinity and specificity. However,
by challenging the immune system with haptens mimicking the
structure of the transition state of a given reaction, antibodies
can be elicited that bind congruent substrates, thereby stabilizing
the transition state and catalyzing the targeted reaction. Fol-
lowing this concept, antibodies have succeeded in the catalysis of
>50 chemical transformations (49). Hydrolytic antibody catal-
ysis represents a general platform from which therapeutics can
potentially be developed. Previous targets for such catalytic
antibodies included drugs of abuse, prodrug activation, and
endogenous polypeptides (50).

Immunotherapeutic approaches against ghrelin may hold certain
advantages over small-molecule GHSR1a antagonist treatments.
First, immunoneutralization would occur outside of the central
nervous system and therefore would not lead to potential centrally
mediated side effects that may occur with blood-brain barrier-
penetrating small molecule antagonists. Second, therapeutic anti-
bodies use the bloodstream as a site of action, which affords a
pharmacological profile of safety and efficacy that is highly pre-
dictable and reproducible. Third, immunization against a ligand
may be more effective than small molecule receptor antagonist
approaches when the receptor targets are unknown, multiple, or
difficult to bind with specificity. This scenario is germane to ghrelin
because some adipogenic effects of ghrelin have been proposed to
be mediated by a non-GHSR1a receptor (51) and in which other
ghrelin binding sites are known (GHSRI1b) or suspected (52, 53).
Fourth, dosing would need to be less frequent with an immuniza-
tion approach because of the extended half-life of antibodies in vivo.
Of course, given the complex and recalcitrant nature of obesity and
associated comorbidities, any antibody-based strategy would likely
best be used in combination with other available drugs and as part
of a comprehensive treatment approach that includes nutritional,
exercise, educational, and psychosocial components.

The present proof-of-concept data suggest that passive im-
munopharmacotherapy with a catalytic anti-ghrelin antibody
such as GHR-11E11 can both decrease the serum ghrelin/des-
acyl ghrelin ratio and modulate energy homeostasis. Ghrelin, an
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endogenous peptide ligand for the GHSR1a receptor released
into circulation from the stomach, is posttranslationally acylated
by the addition of octanoic acid to the Ser-3 residue. This
modification is critical for ghrelin’s active transport across the
blood-brain barrier (54) and potent GHSR1a activity (55).
Whereas infusion of acylated ghrelin acutely stimulates food
intake and subjective hunger (17, 56) and chronic administration
causes weight gain (6), administration of the hydrolytic degra-
dation product des-acyl ghrelin either does not stimulate appetite
or does so less effectively than acylated ghrelin (57). Here,
administration of a catalytic antibody that can both bind and
degrade ghrelin to its des-acyl form maintained a relatively
increased metabolic rate in fasting mice suppressed refeeding
after food deprivation. The results support the hypothesis that
acylated ghrelin physiologically stimulates appetite and curbs
whole-body energy expenditure during periods of deficient
energy intake, whereas, contrary to some previous reports (57),
des-acyl ghrelin does not potently share these functions.

One question raised by the present study is what might be
required parameters for a functionally relevant catalytic antibody in
humans. Ghrelin concentrations in human serum have been re-
ported to be between 0.1-2 nM (7, 10, 49, 58, 59). Although it is
difficult to estimate the needed degradation efficiency to attenuate
ghrelin’s “gut-brain axis” effects on energy homeostasis, a quanti-
tative study on ghrelin dynamics across a day in dieting obese
subjects provides starting insights (10). Based on this study, to an
initial approximation, there are 3 components to ghrelin kinetics: a
linear (zero order) formation of ghrelin that initiates upon voiding
the stomach, a suppression of this rate when the stomach is
distended, and an overall first-order elimination pathway for ghre-
lin. The net formation rate of ghrelin in humans is ~20 pM-h~, and
its elimination is 0.12 h~! (/2 = 6 h). On average, feeding occurs
when the plasma ghrelin concentration reaches ~180 pM. Upon
feeding, ghrelin production ceases, and in a first-order process, the
plasma concentration of ghrelin drops to an average of 120 pM
before ghrelin production resumes.

Thus, preventing the plasma ghrelin concentration from rising
>140 pM might attenuate feeding responses. To maintain a 140 pM
plasma concentration, a catalytic antibody would need to consume
ghrelin at 20 pMh~! at 140 pM ghrelin. Given a reasonable
therapeutic plasma concentration of catalytic antibody of 1 uM (60)
the catalytic efficiency (k../Km) necessary to maintain plasma
ghrelin at 140 pM can be roughly approximated from Eq. 1 as ~40
M~!s~1 slightly more efficient than the degradation parameters
observed for GHR-11E11 in vitro (kea/Km = 18 M™1:s71).

kC'd
[antibody] Kil\,: [ghrelin] = net rateormation [1]

Several limitations of the present study bear mentioning. First,
antibodies were administered to lean animals and the functional
significance of degrading ghrelin in obese animals, in which
circulating levels are reduced, are unclear. Relevant here, how-
ever, ghrelin levels increase with weight loss and predict subse-
quent weight regain. Second, the effects of the catalytic antibody
were only studied acutely in fasted animals. Resulting issues of
future interest include potential compensatory mechanisms,
effects of ghrelin degradation in fed animals, long-term effects
of chronically degrading ghrelin on non-energy homeostasis-
related functions of ghrelin, and the potential of increasing
non-GHSR1a-mediated actions of the hydrolysis product, des-
acyl ghrelin (55, 61-66). Each of these caveats, except the last,
is not unique to ghrelin degradation immunopharmacotherapy
and applies also to small-molecule GHSR1a antagonists. Third,
regarding potential ghrelin insufficiency, therapeutic dosing
would aim to reduce, not eliminate, circulating acylated ghrelin.
Much is known regarding life with chronically reduced ghrelin
levels because thousands of individuals have undergone Roux-
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en-Y gastric bypass surgery, which reduces ghrelin levels by
50-70% for weeks relative to weight-loss controls. Postsurgical
ghrelin levels are even lower after total gastrectomy or sleeve
gastrectomy (removal of the fundus) and remain so in the
long-term (34-38, 67-77). The Roux-en-Y gastric bypass and
sleeve gastrectomy surgeries both produce massive weight re-
duction, greater than those of other surgical procedures that less
effectively reduce ghrelin levels and improve the health of
previously morbidly obese patients with low complication rates
(37, 78, 79). Finally, the mechanisms, which led to reduced
energy expenditure and refeeding were not investigated. Re-
duced recruitment of GHSR1a-expressing cells in the medio-
basal hypothalamus and afferent vagus are suspected, but this
remains to be demonstrated.

In summary, we have produced antibodies can facilitate hydro-
lysis of the serine octanoate ester moiety of ghrelin. Administration
of an exemplar catalytic antibody modulated energy homeostasis in
vivo, maintaining greater whole body energy expenditure during
fasting and reducing subsequent refeeding in mice. As such, cata-
lytic anti-ghrelin antibodies might adjunctively aid attainment and
consolidation of caloric restriction-induced weight loss. Ghrelin
degradation might also be therapeutically relevant to Prader—Willi
syndrome, characterized after infancy by hyperghrelinemia, hy-
perphagia, and progressive obesity (10). Additional studies will
further define the role of immunopharmacotherapy in perturbing
energy homeostasis and ultimately in combating obesity.

Materials and Methods

Peptide Synthesis. The hapten and substrates were prepared on a 1.0-mmol scale
as C-terminal amides, using Rink amide AM resin and conventional Fmoc/tBu SPPS
protocols with standard DIC/6-CI-HOBt coupling chemistry (SI Materials and
Methods) on a CS Bio 136 automated peptide synthesizer (CS Bio). The Ser3 side
chain esterifications were accomplished via DIC/DMAP chemistry for n-
butylphosphonation, with carboxylic acid anhydride/pyridine for acetylation and
butyrylation, and via PyBrOP/DIPEA activation chemistry for octanoylation and
palmitoylation. Purifications were achieved by RP-HPLC.

Antibody Catalysis. Selection of monoclonal catalytic antibodies (mAbs) was
performed by HPLC detection of des-octanoyl ghrelin formation upon incu-
bation of native rat ghrelin with each member of a panel of 19 mAbs (10 uM)
at 37 °C in phosphate buffered saline (0.5 mL), pH 7.4, for 10 h, using the
analytical HPLC method. Further characterization of selected catalytic anti-
bodies was performed by incubation of the selected mAb (1 wM) with varying
concentrations of methoxycoumarin-modified ghrelin analogs 3and 5 (at 0.4,
0.8, 1.6, 3.1, 6.2, 12.5, 25, and 50 uM) for 5 h at 37 °C in phosphate buffered
saline, pH 7.4, with subsequent HPLC analysis. Formation of product 4 was
monitored by RP HPLC, with detection at 324 nm. Inhibition of catalysis by TS
analog 2 was measured by HPLC after incubation of 3 (400 uM) and mAb
GHR-11E11 (1 uM) in the presence of varying concentrations of 2 (0 to 200 uM)
for 5 h. The difference between the extent of catalyzed and uncatalyzed
hydrolysis of the ghrelin substrates provided the basis for determining of the
specificity of GHR-11E11 (S/ Materials and Methods).

Subjects. Mature male C57BL/6J mice (n = 17) (The Jackson Laboratory) were
group-housed in a 12h:12h lit (0600h lights on), humidity- (60%) and tempera-
ture-controlled (22 °C) vivarium with continuous access to chow (LM-485 Diet
7012; Harlan Teklad) and water unless mentioned otherwise. After surgical
implantation of jugular catheters under isoflurane anesthesia (1-3% in oxygen),
mice were allowed to recover for at least 1 week and then acclimated to indirect
calorimetry chambers (S/ Materials and Methods). Procedures adhered to the
National Institutes of Health Guide for the Care and Use of Laboratory Animals
(National Institutes of Health Publication number 85-23, revised 1996) and
the “Principles of laboratory animal care” (www.nap.edu/readingroom/
bookslabrats) and were approved by the Institutional Animal Care and Use
Committee of The Scripps Research Institute.

Metabolic and Food Intake Study. Indirect calorimetry was performed in
acclimated (>72 h), singly housed, mice using a computer-controlled, open-
circuit system (Oxymax System) that was part of an integrated Comprehensive
Lab Animal Monitoring System (Columbus Instruments) (S/ Materials and
Methods).
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